Introduction
For decades, the strategies to fight malaria have focused on pre-erythrocytic and pathogenic asexual blood stages. However, achievement of malaria elimination requires development of novel strategies targeting the parasite sexual stages (gametocytes) that are responsible for transmission to mosquitoes. Plasmodium falciparum immature gametocyte-infected erythrocytes (GIE) sequester in the human bone marrow [1] [2] [3] , and appear only as mature stages in the peripheral blood where they are accessible for mosquitoes that ensure transmission.
Release into the peripheral blood is accompanied by an increase in GIE deformability that allows mature stages to persist several days in the bloodstream and avoid the clearance by the spleen [4] [5] [6] . These observations led to a new paradigm where gametocyte sequestration in the bone marrow would depend on mechanical retention due to the important stiffness of immature GIE, whereas an increase in deformability may allow mature stages to cross the vascular endothelium in order to reach the peripheral circulation [6] [7] [8] . Distinct mechanical properties of immature and mature GIE therefore provide insights into their interactions with the human bone marrow and resolve key knowledge gaps. However, the mechanisms underlying the switch in GIE deformability late in the maturation process remain elusive. In asexual stages, the progressive decrease in erythrocyte deformability upon infection is due to the presence of the large intracellular parasite and to a decrease in membrane viscoelasticity mediated by parasite-encoded proteins 9 . These proteins associate with the erythrocyte membrane skeleton where they are proposed to induce cross-linking of cytoskeletal proteins [10] [11] [12] [13] . In sexual stages, the switch in deformability is linked to expression and localization of STEVOR (SubTElomeric Variable Open Reading frame) proteins at the erythrocyte membrane 6 . The stevor multi-copy gene family is one of the three major families of variant genes in P. falciparum, and comprises 35 genes that are clonally expressed [14] [15] [16] . The encoded STEVOR proteins exhibit a semi-conserved N-terminal domain and a central variable domain exposed on the erythrocyte surface, whereas the conserved C-terminal domain is cytoplasmic 17, 18 . Besides their role in invasion, adhesion and rosetting in asexual stages [19] [20] [21] [22] , STEVOR proteins have been shown to impact the deformability of the infected erythrocyte in mature asexual parasites and immature sexual stages 6, 23 . However, the mechanism underlying STEVOR-mediated changes in erythrocyte deformability remains unclear.
A recent study has demonstrated that GIE deformability is regulated by the cAMP-signaling pathway 24 . Protein kinase A (PKA) activity contributes to the stiffness of immature GIE and a drop in cAMP concentration triggers the switch in deformability in mature stages. These observations have the potential to be translated into therapies for blocking malaria transmission. Indeed, raising cAMP levels with sildenafil (Viagra®) or derived analogues may impair mature GIE circulation through the spleen 24 . The substrates phosphorylated by PKA at the parasite and/or erythrocyte membrane in immature stages remain, however, Here, we show that the cytoplasmic domain of STEVOR interacts with erythrocyte ankyrin complex and is phosphorylated by PKA, and that GIE deformability is impacted by this interaction and related phosphorylation.
Methods
Parasite culture, gametocyte stage-specific purification and transfection P. falciparum NF54 clones B10, A12 6 and transgenic lines were cultured in O+ human blood and RPMI 1640 medium supplemented with 10% heat-inactivated human serum under hypoxic conditions. Synchronous production of highly specific gametocytes stages was achieved according to described protocol 25 . Transgenic P. falciparum strains were obtained by transfection of plasmids into B10 parasites as described in Supplemental methods.
Transgenic parasites were cultivated with blasticidin (BSD) to ensure episomal overexpression of plasmids carrying a blasticidin (bsd) expression cassette.
Microsphiltration
Microsphiltration experiments were performed on tips or on microplates as described previously [26] [27] [28] . Briefly, calibrated metal microspheres with 2 different size distributions (5-to 15-µm-diameter and 15-to 25-µm-diameter) composed a matrix used to assay infected erythrocyte deformability under flow. Suspensions of synchronized cultures containing 1% to 5% parasites were perfused through the microsphere matrix at a flow rate of 60 mL/h using an electric pump (Syramed®SP6000, Arcomed_ Ag) or were vacuum aspirated using a manifold system (Beckman Coulter) coupled to an electric High Output vacuum pump (Millipore) via a 10L trap. The upstream and downstream samples were collected and parasitemia was assayed 
Drug treatments
Synchronized cultures containing 1 to 5% GIEs were incubated 30 min at 37°C with 100 μ M 8Br-cAMP (8-Bromide-cyclic adenosine-monophosphate), 50 nM calyculin A (Ser/Thr protein phosphatase inhibitor), or 100 μ M sildenafil citrate. All reagents were purchased from Sigma-Aldrich.
Immunofluorescence assays
Synchronous cultures were air-dried on glass blood smears and methanol-fixed at -20°C for 3 min. After 1 hour pre-incubation in PBS1X/2% BSA, slides were incubated overnight with a mouse mAb anti-Ty1 antibody (Diagenode) at 1/50000 and with AlexaFluor 488-conjugated goat anti-mouse antibody (Molecular Probes) for 1 hour. Samples were observed at 100X magnification using a Leica DM 5000 B.
Western-blot analyses
Synchronous stage III GIE or 40-hpi schizonts were purified by magnetic isolation and denatured in protein loading buffer 5 min at 95°C. Sample were probed overnight with different antibodies. For detailed description of different antibodies used, see the Supplemental methods. Detection step was performed using the Pierce chemoluminescence system (Pierce) following the manufacturer's instructions.
Immunoprecipitation and Capillary Liquid Chromatography Tandem Mass

Spectrometry
Immunoprecipitation assays were performed on 6x10 6 MACS-purified parasites. Total parasite extracts were incubated with agarose beads coated with 2 µg antibodies and antibody- 
In vitro phosphorylation assay
Three synthetic peptides (Kemptide: Biotin-Ahx-LRRASLG, Stevor S 324 : Biotin-Ahx-RRKNSWK, Stevor A 324 : Biotin-Ahx-RRKNAWK), generated by Proteogenix, were used for in vitro phosphorylation assays. Each peptide was incubated with bovine PKA (Sigma Aldrich) in 7.5 µL iced cold kinase buffer. The compounds used for peptides inhibition were 50 µM H89 and 10 µM KT5720. 
Statistical analysis
Statistical significance for differences in retention rates was established using Wilcoxon Mann-Whitney rank sum test.
Results
The cytoplasmic domain of STEVOR is essential for infected erythrocyte stiffness.
Based on the topology of the protein 18 , we hypothesized that STEVOR impacts the stiffness of infected erythrocytes via its conserved cytoplasmic domain. To address this hypothesis, we
For personal use only. on October 4, 2017. by guest www.bloodjournal.org From generated two transgenic parasite lines that episomally overexpress, driven by the constitutive promoter of calmodulin (PF14_0323/PF3D7_1434200), either a Ty1-tagged copy of the PFF1550w (PF3D7_0631900) stevor gene (Full-Ty1) or a Ty1-tagged copy of PFF1550w truncated for the cytoplasmic domain (Trunc-Ty1) ( Figure 1A) . As a control, the B10 clone that expresses an endogenous stevor gene 6 was transfected with an empty plasmid (Control line). We measured the filterability of immature stage III GIE from these lines by using the microsphiltration method which mimics the physical constraints experienced by infected erythrocytes in the splenic microcirculation 26, 28 . In immature GIE, expression of endogenous STEVOR in wild-type parasites leads to retention rates in microbeads around 90% 6 . This implies that saturation of the system does not allow detecting a significant increase in retention rates. In the transgenic lines, however, overexpression of STEVOR results in downregulation of endogenous stevor expression (Supplementary Figure S1 ). This suggests that differences in retention rates between Trunc-Ty1 and Full-Ty1 lines should be measurable. As expected, the retention rates of the Trunc-Ty1 line were significantly lower than that of FullTy1 and Control lines (74.1% vs. 95.1% and 90.4%, P = 0.0001 and 0.0086) ( Figure 1B ), while the truncated protein expression was slightly higher than the full STEVOR expression ( Figure 1C ) and both proteins were efficiently exported at the erythrocyte membrane ( Figure   1D ). This phenotype was reverted to the levels of retention associated with endogenous 16, 30, 31 . At these stages, overexpression of the full copy of STEVOR in the Full-Ty1 line substantially increased the retention rates compared to the Control line (78% vs 51.9%, P = 0), whereas the retention rates of the Trunc-Ty1 line were at the same level as the Control line (54.9% vs 51.9%, P=0.9, Figure 1E -G). Altogether these results indicate that STEVORmediated rigidity of infected erythrocytes is dependent on the C-terminal domain in both asexual and gametocytes stages. For personal use only. on October 4, 2017. by guest www.bloodjournal.org From confirming the specificity of our results. To validate these results, we performed a pull-down analysis using recombinant his-tagged STEVOR C-terminal (Stevor-Cter) or N-terminal (Stevor-Nter) domains and recombinant spectrin dimer or band 3 ( Figure 2D ). On the contrary of the Stevor N-ter domain, the Stevor-Cter domain was able to pull-down spectrin alpha and spectrin beta, whereas neither of the STEVOR domains had the ability to bind band 3. These data confirm that the cytoplasmic domain of STEVOR directly interacts with at least one cytoskeletal proteins composing the ankyrin complex.
cAMP-mediated changes in GIE deformability are linked to STEVOR expression
Our recent results showing that GIE deformability is regulated by the cAMP-signaling pathway 24 suggest that STEVORs interaction with the ankyrin complex may be regulated by PKA-mediated phosphorylation. To test this hypothesis, we first addressed whether the cAMP-mediated changes in GIE deformability contribute to the stiffness phenotype induced by STEVOR expression. We measured the filterability of stage III and stage V GIE from parasite lines expressing different levels of STEVOR in presence or absence of an analog of cAMP, 8Br-cAMP. We first use two sibling wild-type clones of the NF54 parasite strain that express different levels of STEVOR: while B10 endogenously expresses STEVOR, mRNA production of all stevor genes is down-regulated in the A12 line leading to a decrease in STEVOR expression 6, 16 . Microsphiltration experiments on immature GIEs showed a significant decrease in retention rates in A12 compared to B10 clones (93.7% vs. 73.5%, P = 0), whereas their retention rates remained unchanged upon incubation with 8Br-cAMP ( Figure 3A ). However, in mature GIEs, the significant increase in retention rates upon incubation of the B10 clone with 8Br-cAMP (30% vs. 73%, P = 0) was not observed in the A12 clone (32.5% vs. 41.7%, P = 0.4). This indicates that 8Br-cAMP specifically affects the filterability of P. falciparum mature GIEs that expressed STEVORs ( Figure 3B ). We then confirmed this result by using the transgenic Control and Null parasites lines ( Figure 3C -D).
For personal use only. on October 4, 2017. by guest www.bloodjournal.org From As expected, the treatment with 8Br-cAMP affected the deformability of stage V from the Control transgenic line (41% vs. 76.7%, P = 0) but not from the Null line (45.5% vs. 54.1%, P = 0.17). These results indicate that changes in GIE filterability mediated by STEVOR expression and by cellular cAMP signaling are involved in the same molecular mechanism.
STEVORs are phosphorylated by PKA
The results obtained above suggest that changes in cellular cAMP levels influence GIE deformability via PKA phosphorylation of STEVOR proteins. In support of this hypothesis, an in silico analysis using NetPhos 2.0 (cbs.dtu.dk/services/NetPhosK) led to the prediction of several phosphorylation sites in a consensus sequence resulting from an alignment of all members of the STEVOR family ( Figure 4A ). Among the several predicted phosphorylation sites that showed a high score, only serine S 123 , S 165 and S 324 residues are conserved across the entire STEVOR family. On the contrary to the serine S 123 and S 165 residues that are localized within the N-terminal semi-conserved region, the S 324 residue located within the C-terminal domain is surrounded by a sequence (RKNSW) similar to the consensus sequence for PKA phosphorylation sites (R-R-X-S/T-Φ, where Φ represents a hydrophobic residue) 32 . We then assessed the ability of PKA to phosphorylate the sequence RKNSW in vitro. The analysis of an in vitro phosphorylation assay on STEVOR S 324 peptide (RRKNSW), STEVOR A 324 peptide (RRKNAW) and control Kemptide (LRRASLG) substrates demonstrated that a recombinant bovine PKA protein phosphorylated STEVOR S 324 peptide with a better efficiency than the Kemptide. As expected, the phosphorylation was decreased upon addition of the PKA inhibitors KT5720 and H89 and was totally abolished after substitution of the serine by an alanine residue in the STEVOR A 324 peptide ( Figure 4B ). In addition, the STEVOR S 324 peptide was also phosphorylated by schizonts extracts and phosphorylation was decreased upon addition of H89, indicating that the sequence RKNSW can be phosphorylated by human or parasite PKA in the infected cell ( Figure 4C ). These results indicate that 
Phosphorylation of STEVOR cytoplasmic domain regulates immature GIE stiffness
Pull-down analysis of recombinant spectrin dimer or band 3 using either phosphorylated or unphosphorylated Stevor-Cter domain showed that phosphorylation of S 324 did not impact on interaction between STEVOR cytoplasmic domain and cytoskeletal proteins in vitro (Supplemental Figure S5) . However, in the infected cell these interactions may also be dependent on phosphorylation of cytoskeletal proteins and in vitro results may not reflect the impact of S 324 phosphorylation on infected cell deformability. To address whether phosphorylation of STEVOR C-terminal domain regulates GIE rigidity, we generated two transgenic lines that over-expressed Ty1-tagged STEVOR S324A and Ty1-tagged STEVOR S324E proteins where the serine S 324 was mutated by an alanine and a glutamate residue, respectively ( Figure 5A ). This widely used approach allows to mimic an unphosphorylated and a constitutively phosphorylated serine residue of a protein 33 . Immunoblotting and immunostaining of GIEs with anti-STEVOR and anti-Ty1 antibodies indicated that the transgenic parasites have a similar level of STEVOR expression ( Figure 5B ) and that the proteins are properly exported to the erythrocyte membrane of stage III GIE ( Figure 5C ).
Microsphiltration analysis of Full S324A -Ty1 immature GIE showed a significant decrease in retention rates compared to Full-Ty1 (71.5% vs. 95.1%, P = 0), at a level almost similar to that observed in absence of STEVOR expression in the Null line (P = 0.080) ( Figure 5D ).
Removing the episomal vector by cultivation without BSD selection restored retention rates to the phenotype of the Control line (87.5% vs. 90.40%, P = 0.28), indicating that increases in deformability were specific to the overexpression of mutated STEVOR protein ( Figure 5D ).
Although we expected that the phosphomimetic S 324 E mutation could trigger a similar phenotype as observed for Full-Ty1 GIE, retention rates of Full S324E -Ty1 GIE were identical to that of Full S324A -Ty1 GIE (72% vs. 71.5%, P = 0.6). This suggests that phosphomimetic mutation of S 324 failed to reproduce the changes caused to STEVOR by phosphorylation, as observed in other systems 34 . However, this result strengthens the importance of mutation at STEVOR S 324 in GIE rigidity. The role of the S 324 residue in the stiffness phenotype was further confirmed in 22-hpi asexual parasites (Supplementary Figure S6) , thus validating that the deformability of infected erythrocytes is associated with mutation at STEVOR S 324 .
Altogether, these results suggest that STEVOR-mediated rigidity of infected erythrocytes is dependent on the phosphorylation by PKA of the serine residue S 324 at the C-terminal domain.
The switch in deformability in mature stages occurs upon STEVOR dephosphorylation
The mechanism underlying the switch in deformability from immature to mature stages depends on a drop in cellular cAMP concentration and reduced PKA phosphorylation of membrane proteins 24 . To determine the status of STEVOR phosphorylation by PKA in mature GIE, we performed an immunoprecipitation on stage III and stage V GIE lysates from the Full-Ty1 line using a phospho-PKA antibody ( Figure 6A ). Although an anti-STEVOR
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antibody revealed a 37kD band in phospho-PKA immunoprecipitates from immature GIE lysates, STEVOR was not detected in phospho-PKA immunoprecipitates from mature GIE lysates. These results indicate that STEVORs are phosphorylated by PKA in stiff immature GIE but not in deformable mature stages.
To address whether dephosphorylation of S 324 in stage V GIE contributes to the increase in deformability of mature GIE, we measured the retention rate of stage V from the Full-Ty1 and the Full S324A -Ty1 lines. We first confirmed our previous results showing that STEVOR overexpression impaired the switch in deformability observed in wild-type parasites 6 , with retention rates significantly higher in the Full-Ty1 than in the Control line (86.4% vs. 41% P= 0) ( Figure 6B ). Importantly, mutation of S 324 in the Full S324A -Ty1 line restored the deformable phenotype of mature GIE to levels similar to that of the Control line (41.8% vs. 41%, P = 0.66) ( Figure 6B ). In addition, incubation of the Full S324A -Ty1 line with 8Br-cAMP did not significantly impair the filterability of mature GIE as observed in the Control line (59.5% vs.
76.7%, P = 0.03) ( Figure 6C ). These results confirm that the switch in GIE deformability is dependent on STEVOR C-terminal domain dephosphorylation at the S 324 residue in mature stages.
Sildenafil-mediated changes of GIE deformability are partially linked to STEVOR S 324 phosphorylation
We have previously demonstrated that sildenafil increases cAMP cellular levels and impair filterability in mature GIE 24 . To address whether these effects are associated to STEVOR phosphorylation, we measured filterability of mature GIE from the Control, Null and Full S324A -Ty1 lines upon incubation with 100 µM sildenafil citrate ( Figure 6D ). First, we confirmed that incubation of the Control line with sildenafil drastically impairs the filterability of mature GIE (89.5% vs. 41%, P = 0). Importantly, the retention rates of Control parasites upon sildenafil treatment were significantly higher than that of the sildenafil-treated However, the filterability of sildenafil-treated Null and Full S324A -Ty1 lines was significantly affected compared to untreated stage V GIEs (66.7% and 75.8% vs. 45.4% and 41.8% , P = 0.034 and 0), suggesting that sildenafil also increases mature GIE stiffness via a STEVORindependent pathway. These results suggest that sildenafil has an effect on GIE deformability not only by modifying the STEVORs phosphorylation status via cAMP signaling pathway but also via an independent unknown pathway.
Discussion
The ability of P. falciparum mature GIEs to persist for several days into the peripheral circulation and pass through splenic slits depends on their extreme deformability. In this study, we investigate the mechanisms by which STEVORs exert changes on the mechanical properties of infected erythrocytes. We demonstrate that STEVORs interact with the cytoskeletal ankyrin complex and that GIE deformability depends on PKA-mediated phosphorylation of STEVOR cytoplasmic tail at a specific serine residue (S 324 ) in both adapt GIE deformability to mechanical constraints encountered in the bone marrow parenchyma or in the peripheral circulation. It remains hypothetical whether P. falciparum PKA (PfPKA) sub-units are exported into the erythrocyte membrane to phosphorylate STEVORs since they both lack a recognizable secretion signature. However, it is plausible that the parasite hijacks human PKA activity to promote STEVORs phosphorylation and increase erythrocyte stiffness.
Our data confirm that sildenafil renders transmissible mature gametocytes rigid and less likely to circulate through the spleen. This increase in rigidity is dependent on STEVORs S 324 phosphorylation, suggesting that sildenafil interferes with STEVOR phosphorylation status by raising cAMP levels. However we establish that a STEVOR-independent unknown pathway also contributes to the sildenafil-mediated stiffness phenotype. This pathway may be related to cGMP signaling since GIE deformability is also regulated by cGMP levels that can be raised upon sildenafil treatment 24 . The absence of any cAMP-mediated increase in stiffness in parasites that do not express STEVOR rules out a potential cross talk between cGMP and cAMP signaling. One could hypothetize that the sildenafil-mediated stiffness phenotype may be triggered by cGMP-mediated post-translational modifications of cytoskeleton proteins constituting the ankyrin complex. It would be of interest to identify the actors involved in this pathway to improve our understanding of GIE deformability regulation mechanisms.
Altogether our study deciphers a mechanism that might be crucial for sequestration of immature gametocytes in the bone marrow and for persistence of mature gametocytes in blood circulation. Moreover, it provides new insights into the mechanism by which PDE inhibitors may block malaria parasite transmission. circles. Stars represent significant differences in retention rates (***P < 0.001; **P < 0.01; *P < 0.05); ns: non-significant differences in retention rates; n: number of experiments. 
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